The kinetics of fluid-solid coupling during immersion is an important topic of investigation in rock engineering. Two rock types, sandstone and mudstone, are selected in this work to study the correlation between the softening characteristics of the rocks and moisture content. This is achieved through detailed studies using scanning electron microscopy, shear tests, and evaluation of rock index properties during exposure to different moisture contents. An underground roadway excavation is simulated by dynamic finite element modeling to analyze the effect of moisture content on the stability of the roadway. The results show that moisture content has a significant effect on shear properties reduction of both sandstone and mudstone, which must thus be considered in mining or excavation processes. Specifically, it is found that the number, area, and diameter of micropores, as well as surface porosity, increase with increasing moisture content. Additionally, stress concentration is negatively correlated with moisture content, while the influenced area and vertical displacement are positively correlated with moisture content. These findings may provide useful input for the design of underground roadways.
Introduction
The physical and mechanical properties of rocks, especially rock strength measurement and classification, are fundamental to the design and engineering of rock structures such as underground roadways and tunnels. This is particularly true when such structures are built in mudstone and sandstone, which are two most widely distributed rock types encountered in underground mines. Such rock types are also frequently encountered in underground coal mining operations, which are increasing in depth and complexity. As such, fluid-solid interaction becomes important, as it influences these physical and mechanical properties, as well as the microstructure, of rock.
Approximately 90% of the rock slope failure is caused by groundwater flow in porous and fractured rock; 60% of the hazards in the coal mine are associated with groundwater and 30%-40% of the hydropower dam failure is due to the seepage of water [1] . Recently, water injection was found to be effective in rock-burst relief and prevention [2, 3] . All of these result in a need to investigate the softening characteristic of mudstone and sandstone under different water contents.
The mechanical properties of rocks with different moisture contents have been widely studied. Van Eeckhout and Peng [4] studied the effect of relative humidity on the mechanical properties of shales and found that with an increase in moisture content there is a reduction in uniaxial compression strength (UCS) and elastic modulus and an increase in Poisson's ratio. Colback et al. [5] investigated the effects of moisture on two quartzitic rock types and found that the moisture content had a major influence on the compressive strength characteristics. Lajtai et al. [6] indicated, with time-dependent tests, that water has a substantial effect on creep strain, static fatigue, and low crack propagation velocity. Ojo and Brook [7] found that moisture content, within certain values of relative saturation, has a great influence on the stable minimum or maximum strength attained in the rock.
Shock and Vibration
Okubo et al. [8] found that compressive strength decreases significantly with an increase of moisture content, but an observed increase in strength with loading rate did not depend on moisture content. Feucht and Logan (1990) found that the friction factor of a saturated sandstone was reduced by 15%, while Hawkins and Mcconnell [9] investigated the influence of water content on the strength and deformability of 35 different British sandstone samples and proposed an empirical relationship between water content and UCS.
Valès et al. [10] found that rock mechanical behavior in shale is sensitive to the saturation state and is also linked to stratification in the shale and its relative orientation to the applied stress. Pham et al. [11] found that elastic parameters and compressive strength of mudstone depend strongly on the effect of suction, while Erguler and Ulusay [12] showed that, from an oven-dried to saturated clay-bearing rock, an increasing water content caused reductions of 90% in UCS, 93% in modulus of elasticity, and 90% in tensile strength, respectively. Zhou et al. [13] carried out a dynamic compressive experiment on cement mortar with different water contents and found that the dynamic compressive strength of saturated specimens was 23% lower than that of completely dry specimens.
Additionally, the analysis of microstructures has long been an effective method to study soil and rock properties. Gianelli et al. [14] used SEM-EDAX to analyze the texture of montmorillonite during their study of water-rock interaction. Chai et al. [15] found that the quantity and size of pores in bedrock increased after the introduction of water, which decreased the sliding strength of the soil. Duraiswami and Shaikh [16] employed the SEM in the analysis of fluid-rock interaction in carbonatite. The results showed that exotic minerals in the siderite carbonatite did not crystallise from carbonate magma.
Chai et al. [17] studied the effect of water-rock interaction on the mechanical properties of marly rocks and found that the changes of minerals and microstructure can trigger shallow slope failure and develop deep creep deformation along some crash zones in the reservoir shoreline. Ç elik et al. [18] studied photomicrographs and textures of the Ayazini tuffs using SEM. Zhang et al. [19] used XRD, SEM, and energy dispersive spectrometry to study alteration of physical and chemical properties, mineral composition, and microstructures caused by the removal of free iron oxides.
In most water-rock interaction studies, only mechanical property changes are considered and microstructural changes are typically ignored. Limited studies have been conducted on these changes on both macro-and microscopic scales. Therefore, this paper presents a series of experiments that investigate the process and characteristics of mudstone and sandstone during saturation. Not only is the relationship between mechanical properties and moisture content discussed, but we also analyze the microstructure changes under different moisture content. From this, detailed information about the influence of moisture content is obtained with regard to its influence on the softening characteristics of mudstone and sandstone. 
Geological Background
The main study area is the 8214 working face of the Tongting Colliery, located in Huaibei City, Anhui, China ( Figure 1 ). This colliery operates at a depth of 616.8-665.3 m in the Permian system with a 2-m-thick immediate roof consisting of mainly siltstone and sandstone. The thickness of the predominantly mudstone floor is about 0.7 m.
There is water that has remained in the goaf area of the 8212 working face, which is considered likely to enter the working face of 8214 and cause instability of both the roof and floor. There is also the possibility of hazardous water inrush. Therefore, the study of rock softening characteristics caused by different moisture contents and saturation is of great importance to the safety and operability of the Tongting Colliery.
Sample Preparation
The samples used in the experiments are typical undisturbed samples of mudstone and sandstone taken from roof and floor of the 8214 working face. To minimize moisture content changes during transportation, the undisturbed samples were first sealed in plastic bags and then wrapped in gunny bags immediately after being obtained. They were then transported to the laboratory and processed according to the test standards [20] . 28 sandstone samples and 22 mudstone samples, both of Φ50 mm × 50 mm size, are used in the shear test.
Methodology

X-Ray Diffraction Analyses.
XRD is an analytical technique in which a prepared sample is bombarded with an Xray beam at varying angles to determine its mineralogy [21] . The XRD analysis of the mudstone and sandstone samples was carried out at the Advanced Analysis & Computation Center, China University of Mining and Technology. The various mineral phase components of the mudstone and sandstone specimens were determined from carefully prepared Shock and Vibration powdered samples (325 mesh). A polarizing microscope was used to visually inspect and petrographically describe the powdered mudstone and sandstone samples. Once XRD diffractograms were obtained, phase identification and component analysis was carried out using Jade (Materials Data Inc., California, USA). Diffractograms of the sandstone and mudstone are shown in Figure 2 , and the XRD results after Jade analysis are given in Table 1 . Bragg-Brentano reflection focusing, which is the most widely used diffractometric arrangement, was used during quantitative phase analysis [22] . The diffraction pattern of the sandstone sample confirms the presence of quartz (70.2%) and calcium silicate (27.1%). Clay minerals were identified in the mudstone samples, of which kaolinite is the main clay mineral.
Shear Tests.
Specimens for rock mechanical tests were prepared in the laboratory using a core drilling machine; the core specimens were machined according to standards of the International Society for Rock Mechanics [23] . All samples were weighed in their initial state to determine their natural moisture content. Then, a natural immersion test was designed, in which both mudstone and sandstone samples were saturated with water for different times to obtain samples with different moisture contents. Samples with short immersion times were sealed and stored upside down.
Shear tests were carried out in accordance with methods suggested by the ISRM [23] . Figure 3 shows a few of the rock samples prepared for the shear tests.
Scanning Electron Microscopy.
Scanning electron microscopy is a well-established method for the characterization of surfaces in ultrahigh vacuum (UHV), high vacuum (HV), and low vacuum (LV) conditions in many different fields of research [24] . In this paper, SEM was used to investigate the surface microstructure of the samples at different moisture contents by comparing various SEM images as moisture contents were changed. SEM images were processed using Image-Pro Plus (Media Cybernetics Inc., Maryland, USA) to obtain the key pore structure parameters, such as number and area. The image processing steps included noise removal, binarization, pore selection, and counting. Additionally, the surface porosity of the samples with different moisture contents were calculated and analyzed.
Results and Discussions on Experiments Studies
Rock Immersion Test Results.
As described above, mudstone and sandstone samples were subjected to immersion testing. The different immersion times for the sandstone samples were 1, 2, 3, 4, 5, 6, and 8 days. Mudstone samples were saturated in water for: 1, 2, 3, 4, and 6 days. The average moisture content of the mudstone and sandstone samples was then calculated for each immersion time and curves of moisture content and immersion time were generated (Figure 4) .
It was found that, at the beginning of immersion, the moisture content of both mudstone and sandstone increased dramatically. The moisture content of mudstone increased to 4.59% after 3 days' saturation, and that of the sandstone increased to 1.91% after 3 days. The rate of increase in moisture content becomes reduced with increasing immersion time, and the moisture content of mudstone and sandstone increased to only 4.97% and 2.27%, respectively, after 6 days' and 8 days' saturation.
Shear Test Results.
The mechanical properties investigated in this paper include shear strength, cohesion, and internal friction angle. Changes in these mechanical properties at different moisture contents are shown in Table 2 .
Regression analysis was carried out to investigate the relationship between moisture content and the mechanical properties. Curves of best-fit for the experimental data take the general form of = ⋅ exp(− / ) + ( Figure 5 ) and the expressions and correlation coefficients of shear strength, cohesion and internal friction angle according to moisture content are presented in Table 3 . Overall, the mechanical properties of the mudstone were found to be significantly lower than those of the sandstone, and all investigated mechanical properties tend to decrease with increasing moisture content. Stress-strain curves obtained during the experiments were analyzed to study the softening characteristics caused by different moisture contents. Stress-strain curves obtained at different moisture contents with a shear angle 45 ∘ are shown in Figure 6 .
It can be concluded from the curves that dramatic brittle failure occurs when the moisture content is low for both 6 Shock and Vibration mudstone and sandstone. Shear stress drops suddenly after failure. With increasing moisture content, the properties of creep in the rock samples become increasingly important, as slow rupturing appears in both mudstone and sandstone with only moderate decreases in shear stress after rock failure. The softening characteristics of rock samples can also be illustrated by the failure modes of mudstone and sandstone (Figures 7 and 8) . Failure occurs along one shear failure surface when the moisture content is low and, in most cases, the shear failure surface is parallel to the shear angle. More shear failure surfaces appear with an increase in moisture content and, ultimately, both mudstone and sandstone samples break into numerous small pieces after shear failure.
Microscopic Analysis with Different Moisture Content.
Mudstone and sandstone block samples with different moisture contents were analyzed using SEM. The blocks were 1 × 1 × 0.5 cm in size, gold sprayed in a laboratory, and then fixed on the observation platform. The SEM analysis was conducted at the Advanced Analysis & Computation Center using a FEI QuantaTM250 instrument, with which 500, 2000, 4000, and 8000 multiple SEM images were captured. Only 4000 multiple SEM images were selected for analysis in this paper.
SEM images of the mudstone with different moisture contents are shown in Figure 9 . Figure 9(a) shows an SEM image of the initial mudstone sample with a moisture content of 1.54%. Very few micropores can be observed, while tortuosity of the micropores is clearly visible. SEM images of the mudstone with moisture contents of 1.87%, 2.96%, and 4.31% are shown in Figures 9(b) , 9(c), and 9(d), respectively. Furthermore, binary images of the SEM images were extracted using Image-Pro Plus (Figure 10) .
For the sandstone, only the initial state (moisture content of 0.91%) and final state (7-day immersion; moisture content of 2.18%) were analyzed. The SEM images and binary images are shown in Figures 11 and 12 , respectively. The parameters of the surface micropores, such as number, total area, and diameter, were simultaneously counted from the binary images and the surface porosity was calculated. Table 4 lists the parameter variations of the micropores of the sandstone and mudstone with different moisture contents. Figure 13 shows histograms and line graphs of variation of the parameters of the micropores.
Overall, the number of micropores was observed to increase with increasing moisture content and, during immersion, water primarily entered the original pores and fractures. Different swelling properties of different minerals likely led to unbalanced stresses inside the rock, resulting in formation of new fractures. This not only caused an increase in the number of micropores, but also an increase in the total area and surface porosity. Also, seepage of water into the rock led to an increase in interconnectedness of the new micropores and fractures, forming larger ones, and thus increasing the area and diameter of the micropores.
Numerical Modelling
Basic Equation of Coupled Model of Seepage and Stress.
The following equations describe the quantification of the Shock and Vibration various parameters required to develop the model of seepage and stress defined in further detail in Section 6.2.
(1) Equilibrium equation
(2) Geometric equation
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(4) Seepage equation
(5) Seepage-stress relation equation
6.2. Model Definition. As shown in Figure 14 The physical and mechanical parameters of the rock mass are list in Table 5 , which were obtained from converting rock sample parameters to rock mass parameters using the HoekBrown strength criterion [25] . Different support pressures are applied so that the influence of support pressure on the roadway can be determined.
Analysis
Stress Distributions Analysis.
Excavation alters the equilibrium state of in situ stress, resulting in the redistribution of in situ stresses around the roadway. Figure 15 illustrates the stress distributions in the vicinity of the underground roadway and Figure 16 shows the stress concentration at the corner of the roadway.
Stress concentration factors and stress nephograms at different moisture contents reflect not only the stress levels in rock mass but also the process of stress transfer and evolution. In general, both the center of the roof and floor undergo stress release after the roadway is excavated and form relief areas under and above the goaf, while the corners of the roadway concentrate stress and form pressurized areas. When the moisture content is 0.5%, the stress concentration factor around the roadway is 3.4, which reduces to 2.54 when the moisture content is 2%. It can be concluded that pressure has been released around the roadway, but the influenced regions related to roadway excavation will extend with increasing moisture content. Figure 17 shows vertical displacement nephograms when support pressure is 3 MPa. As can be seen, vertical displacement induced by roadway excavation decreases as the distance from the roadway increases, and subsidence will occur at the roof while the floor will heave up. The displacement region becomes larger because more stress is transferred to the rock mass as the moisture content increases. The absolute value of floor heave is larger than the roof subsidence because support pressure has been applied to the roof and ribs of the roadway.
Vertical Displacement Analysis.
Changes in roadway closure in the vertical direction are shown in Figure 18 ; when support pressure is low, roadway closure increases drastically as the moisture content increases. Support pressure can greatly improve roadway conditions since it will not only reduce roadway closure but also increase stability.
Conclusions
This investigation was conducted to study the mechanical properties and microstructural changes in mudstone and sandstone. Rock samples were collected from Permian siltstone and sandstone of the Shihezi Formation at depths of 616.8-665.3 m in the Tongting Colliery. Fluid-solid coupling effects were studied in terms of roadway stability and compared with different moisture contents in an underground roadway excavation simulation. Based on the results of this investigation, the following conclusions can be drawn:
(1) Mudstone in the investigated areas consists of a wide range of clay minerals, with kaolinite being the main clay mineral (56.10%), while quartz and calcium silicate in the sandstone account for 70.20% and 27.10%, respectively.
(2) In all cases, the moisture contents of mudstone and sandstone increased rapidly at the beginning of immersion test. After 9 days of immersion, the moisture content of mudstone and sandstone reached 4.97% and 2.27%, respectively.
(3) All mechanical properties investigated showed a tendency to decrease with increasing moisture content. The general form = ⋅ exp(− / ) + was found to describe the best-fit line for data points during regression analysis. The mechanical properties of the mudstone (compressive strength, cohesion, and internal friction angle) were found to be significantly lower than those of the sandstone.
(4) As the seepage of water into the samples increased (increasing moisture content), new pores and fractures were created and the original pores and fractures linked up, resulting in an increase in the number, total area, and diameter of micropores and surface porosity.
(5) Stress will be redistributed after roadway excavation and pressurized areas will occur near the corner of the roadway. Stress concentration at the corner will decrease, indicating a release of stress with increasing moisture content. At the same time, the influenced region caused by roadway excavation will extend. Vertical displacement and the influenced region will increase with increasing moisture content.
The roadway closure has a positive correlation with the moisture content and support pressure plays a vital role in stabilizing the underground roadway. 
